Perfluorinated compounds have raised concern due to their potential 16 association with detrimental postnatal outcomes in animals and humans. We tested the effects 17 of perfluorooctane sulfonate (PFOS) on a human pluripotent teratocarcinoma (known as 18 NCCIT) cells as an in vitro prototype for developmental toxicity in mammals. NCCIT 19 contains stem-cells able to differentiate into endoderm, mesoderm and ectoderm. We tested 20 our cell model using a teratogenic compound, retinoic acid (RA), a cytotoxin, nocodazole 21 (ND), and PFOS. We assayed cells proliferation, morphology and expression of stem cell and 22 germ layer marker genes. PFOS reduced NCCIT cell proliferation in a concentration-23 dependent manner and induced morphological changes in cell cultures that resembled 24 ectodermal phenotypes. A tendency towards a differentiated state in NCCIT was confirmed 25 by real-time gene expression. PFOS triggered up-regulation of the gene nestin, indicative of 26 ectodermal lineage differentiation, and interfered with the expression of the pluripotency 27 stem-cell marker TERT. PFOS produced effects on both cells proliferation and differentiation, 28 although not as severe as those observed for RA and ND, at levels that fall within the range of 29 concentrations found in animal and human plasma. We discuss our findings in the context of 30 possible interference of PFOS with the processes governing the early development of 31 mammalian tissues.
INTRODUCTION
The ubiquitous presence in the environment of perfluorinated surfactant compounds 38 such as perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) has resulted 39 in considerable concern (Giesy and Kannan 2001; Houde et al. 2008; Jensen and Leffers 40 2008; Loos et al. 2007 ). Animal studies have indicated that PFOS and PFOA have the 41 potential for developmental toxicity (Austin et al. 2003; Beach et al. 2006; Berger et al. 2009; 42 Bjork et al. 2008; Giesy and Kannan 2001; Kennedy et al. 2004; Lau et al. 2004; Loveless et 43 al. 2006) . Human studies have presented epidemiological evidence linking birth defects and 44 thyroid disease to blood serum PFOS and PFOA concentrations in the range of μg/L 45 (Apelberg et al. 2007a; Apelberg et al. 2007b; Jensen and Leffers 2008; Melzer et al. 2010) . 46 In this study we investigated the effects of PFOS at exposure levels relevant to animal 47 and human sera using a stem cell-based test. Embryonic stem (ES) cells have proven to be a 48 promising model to study developmental toxicity of chemicals (Whitlow et al. 2007 ). The use 49 of ES cells, however, presents a number of challenges (see Supplementary Online Material).
50
To avoid issues associated with the use of ES cells, we chose a human germ-cell line derived 51 from a teratocarcinoma known as NCCIT (National Cancer Centre Immature Teratoma), 52 which is analogue to a pluripotent ES line (Damjanov et al. 1993; Rohwedel et al. 2001; 53 Teshima et al. 1988 ). Teratocarcinomas contain both undifferentiated stem-and differentiated 54 cells that can commit to endoderm, mesoderm and ectoderm. NCCIT cells express markers of 55 germ layers like ES cells, are capable of continuous renewal in minimal media like cancer 56 cells (without the need of a feeder layer of primary cells) but do not show up-regulation or 57 induction of typical tumour gene markers (Damjanov et al. 1993; Sperger et al. 2003; 58 Taranger et al. 2005) . Pluripotency in NCCIT has been proven by the expression of 59 undifferentiated hES cells markers, including the telomerase reverse transcriptase gene 60 3 (TERT) (Sperger et al. 2003; Taranger et al. 2005) . Here, we aimed at using NCCIT as a stem 61 cell model to test the effects of PFOS compared to known teratogenic and cytotoxic 62 compounds such as retinoic acid (RA) and nocodazole (ND). We found that PFOS was able to 63 interfere with the growth and differentiation processes of NCCIT cells. Carlsbad, CA, USA), and maintained at 37˚C with 5% CO 2 in a humidified atmosphere. This 80 work was performed using NCCIT cultures at 60% confluence.
81
Prior to testing, stock solutions of chemicals were diluted in DMEM (0% FBS) to 82 obtain the maximum exposure concentration of 1 mg/L. One in three dilutions were 83 performed in DMEM (0% FBS) to obtain 11 dilutions for each chemical ranging from 1000 to 84 0.017 μg/L (comprising environmentally relevant exposure levels). Test dilutions of 85 4 chemicals were added to three x10 3 cells seeded across 96-well plates (final volume 100 μL 86 DMEM 5% FBS per well). Five untreated controls and five replicates for each concentration 87 were prepared for each 96-well plate in each experiment and incubated for 48 h at 37˚C, 5% 88 CO 2 . Microtitre tests were performed using the CellTitre-96 AQueous One Solution Cell 89 Proliferation Assay kit (Promega Corporation, Madison, WI). Absorbances were recorded 90 using a microplate-reader at 490 nm (optical density -OD of the dye) and 650 nm (OD for 91 background reference). To document cell morphology, 250 x10 3 cells were seeded in 6-well 92 plates including duplicated IC 10 and IC 50 concentration treatments together with untreated 93 controls (final volume 3 mL DMEM 5% FBS), incubated for 48 h at 37˚C, 5% CO 2 . Cells 94 were then stained with trypan-blue, enumerated and microscopically photographed. More derived for RA, ND and PFOS are summarised in Table 1 . PFOS showed a lower IC 50 than 135 RA. Viability of cells was assayed by trypan-blue staining for RA, ND and PFOS treated 136 cultures (data not shown), supporting the cytotoxicity assay results and suggesting induction 137 of cell death as mechanism of reduced cells proliferation. The IC 10 value derived for PFOS colonies compared to controls ( Fig. 2A, Supplementary Fig. S2-S4) , with multi-nucleated and 148 more differentiated branching cells characterised by elongated cytoplasmic processes. In the 149 IC 50 treatments a number of detached small rounded (apoptotic) cells were evident 150 ( Supplementary Fig. S2-S4) , with ND showing the strongest effects ( Supplementary Fig. S3 ).
151
Flattened colonies and differentiating cells with branching processes were visible in both IC 10 152 and IC 50 treatments for all chemicals (Fig. 2 B-C-D) . In particular, PFOS induced changes in 153 NCCIT cell morphology that were indicative of both differentiation and cytotoxic effects ( Fig.   154 2D, Supplementary Fig. S4 ). IC 10 exposure levels resulted in smaller and flattened colonies 155 with differentiated cells and IC 50 doses induced apoptosis in NCCIT, with surviving cells 156 expressing extended cytoplasmic processes (Fig. 2D) .
The inner mass of a NCCIT cells colony represents the equivalent of pluripotent stem 158 cells, which normally differentiate into epithelial-like (more flattened) cells at the edges of 159 colonies (Damjanov et al. 1993; Teshima et al. 1988 ). IC 10 and IC 50 treated cultures showed 160 epithelial-cell features (Fig. 2-3- (Fig. 3) . Weaker effects on gene expression were observed for the ND treatments, in 167 which TERT showed a 4.6-fold and 2-fold increased expression and nestin a 1.7-fold and 9-168 fold increase in transcript accumulation for the IC 10 and IC 50 exposure levels, respectively 169 ( Fig. 3) . PFOS was the strongest inducer of TERT mRNA expression in NCCIT, with a 62.6-170 fold and 11-fold up-regulation of the pluripotency marker for IC 10 and IC 50 exposure levels, 171 respectively (Fig. 3) . PFOS had an effect on nestin expression in NCCIT cells similar to the 172 one exerted by ND, with 1.5-fold and 6-fold up-regulation for IC 10 and IC 50 exposure levels, 173 respectively ( Fig. 3) .
174
TERT and nestin were significantly up-regulated across all levels of chemical 175 exposure compared to the controls and relative to housekeeping genes (Fig. 3) . IC 50 doses, 176 however, consistently resulted in reduced TERT and increased nestin genes expression 177 compared to IC 10 treatments (Fig. 3) . Increased transcription of TERT in response to IC 10 178 doses can be attributed to other functions of TERT beyond its major role in telomere 179 maintenance (Karlseder et al. 2004 ) and may highlight an early response to cytotoxic effects.
180
TERT expression in response to cytotoxic stress can enhance cell survival with an anti-181 apoptotic role (Cao et al. 2002; de Lange 2005) . The subsequent decrease in TERT expression 182 at increasing doses is consistent with loss in pluripotency and commitment of stem-cells to a 183 particular lineage after exposure to teratogenic and toxic chemicals (Adler et al. 2008; 184 Rohwedel et al. 2001) . The hypothesis that NCCIT cells attempted to cope with chemical 185 stress at low doses and then differentiate at higher exposure levels was confirmed by the 186 detected patterns in nestin expression. An increase compared to control levels was observed at 187 IC 10 and IC 50 for all test compounds (Fig. 3) . Our results indicated that exposure of NCCIT 188 cells to PFOS induced specialisation into ectodermal lineages. we did not detect NCCIT multi-lineage differentiation based on the expression brachyury 208 (mesodermal marker) and AFP (endodermal marker) (data not shown). The NCCIT cell-based 209 test presented here, however, which is accessible to any tissue-culture laboratory and can be 210 readily standardised, can be extended by the inclusion of ectoderm expression markers and 211 may contribute in the future to screening of pollutants for potential developmental endpoints 212 (for more details see Supplementary online Material). Table 1 . IC values (μg/L ± standard error) obtained with the NCCIT proliferation assay (48 h) for test chemicals (see Fig. 1 
